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LcAP1In order to investigate the role of abscisic acid in litchi ﬂowering, litchi trees were treated with exogenous
ABA before or when panicle primordia emerged. The results showed that ABA spraying when panicle
primordia emerged reduced the number of leaves per panicle, enhanced the number of axillary panicles
per panicle and the ratio of axillary panicles to total nodes per panicle. When trees were treated with ABA
before panicle primordia emerged, the number of ﬂowers per panicle in the ABA-treated trees was higher
than that of the control. The ABA biosynthesis inhibitor naproxen reduced the percentage of ﬂowering termi-
nal shoots and number of ﬂowers in one panicle, and suppressed the litchi homologue gene (LcAP1). To con-
ﬁrm whether the enhanced AP1 expression depended on H2O2, NO and calcium, the effect of ABA was
compared with that of ABA plus NO scavenger 2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl3-oxide
(PTIO), or the H2O2 trapper dimethylthiourea (DMTU), the calcium chelator glycol-bis (β-amino ethyl
ether)-N,N,N′,N′-tetraacetic acid (EGTA) and calcium channel blocker LaCl3. The results showed that ABA en-
hanced AP1 expression, but the inductive effects were suppressed by DMTU, EGTA and LaCl3 but not PTIO,
suggesting that ABA promotion of LcAP1 expression may be H2O2 and calcium dependent but not NO
dependent.
© 2013 SAAB. Published by Elsevier B.V. All rights reserved.1. Introduction
Litchi (Litchi chinensis Sonn.) is an evergreen woody tree cultivat-
ed widely in subtropical and tropical regions, and produces arillate
fruit with sweet, translucent, juicy ﬂesh. Litchi production constitutes
a very lucrative commodity and contributes signiﬁcantly to the liveli-
hood of several million people throughout South-east Asia (Huang et
al., 2005). However, unreliable ﬂowering is a pending problem to
litchi producers.
Several decades ago, scientists tried to investigate the role of
phytohormones in ﬂoral differentiation in litchi. They compared the
endogenous hormones of ﬂoral buds in on-year trees and reproduc-
tive buds in off-year trees, and found that ﬂoral buds contained a
higher level of abscisic acid (ABA) and a lower level of gibberellins
(GAs) than reproductive buds. They proposed that GAs inhibited
ﬂowering and ABA promoted ﬂowering in litchi (Liang et al., 1987;
Hou et al., 1987). Indeed exogenous application of the GAs biosynthe-
sis inhibitors such as paclobutrazol promoted ﬂowering (Ray and
Ruby, 2004). Apart from paclobutrazol, other GAs biosynthesis inhib-
itors such as daminozide and uniconazole are widely applied in
promoting ﬂowering in practice. However, the role of ABA in litchi
ﬂowering still needs more investigation.by Elsevier B.V. All rights reservedIn litchi ﬂoral initiation is visible as “whitish millets” (Huang and
Chen, 2005). These buds are composed of rudimentary leaves and
panicles or axillary panicle primordia. The fate of the mixed buds
largely depends on environment. If litchi trees are exposed to low
temperature environment, growth of panicle primordia may prevail
and the rudimentary leaves may abscise. If they are exposed to high
temperature conditions, the rudimentary leaves may develop to
fully expanded leaves and the axillary panicle primordia may cease
to develop. Suppressing the rudimentary leaves encourages panicle
development, and growers remove by hand or kill the rudimentary
leaves by spraying with ethephon. Previous studies indicated that
the abscissing rudimentary leaves contain a higher level of ABA
than the expanding leaves (Zhou et al., 2008). We hypothesized
that ABA inhibits growth of rudimentary leaves and promotes
ﬂowering. To test this hypothesis, we studied the effects of exogenous
ABA and ABA biosynthesis inhibitors on ﬂowering and the expression
of the ﬂowering related gene, the litchi homologue of AP1 (LcAP1).
2. Materials and methods
2.1. Plant material and experimental procedures
Two kinds of important commercial cultivars, ‘Feizixiao’ and
‘Nuomici’ were used in the experiment. They both require low tem-
perature to induce ﬂowering. ‘Feizixiao’ seedlings grow fast and are
easily cultivated in pots. We used ‘Feizixiao’ for potted treatments..
Table 1
Effects of ABA on number of leaves and axillary panicles on a panicle of ‘Nuomici’ 2 weeks
after treatment. Four replicate trees grown in the ﬁeldwith similar size andwith leafy pan-
icle were selected. On 19 January 2006, two different branches in one replicate tree were
uniformly sprayed with water as control and 100 mg L−1 ABA. Values are means ± SE
from 4 replicate trees. Each value in one replicate is calculated from 10 panicles.





panicles to total nodes
Control 3.9 ± 1.2 7.0 ± 3.5 0.58 ± 0.30
ABA 2.5 ± 1.2 11.7 ± 1.6 0.88 ± 0.05
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grown in the experimental orchard of South China Agricultural Univer-
sity. Four replicate trees of similar size and with leafy panicles were
selected on 19 January 2006. Two different branches in one replicate
tree were uniformly sprayed with water and 100 mg L−1 (S)-ABA
(90% powder, Lomon Bio Technology Co., Ltd., Sichuan Province,
China). Two weeks later, 10 panicles from one branch were randomly
chosen for counting the numbers of leaves per panicle and numbers of
the axillary panicles per panicle. In addition, ratios of axillary panicles
to total nodes per panicle were calculated.
To investigate the effect of ABA on the number of ﬂowers in one pan-
icle, two-year-old litchi trees (Litchi chinensis Sonn. cv. Feizixiao), grafted
onto ‘Huaizhi’were grown in 30 L pots containing loam, mushroom cin-
der and coconut chaff (v: v: v, 3:1:1) at the experimental orchard of
South China Agricultural University. 14 potted trees of 1 m height and
with about 10 terminal shoots per treewere selected for the experiment.
All the terminal shoots in the trees matured in mid-November. After the
terminal shoots hadmatured, 7 treeswere treatedwith 100 mg L−1 ABA
while another 7 trees were treated with water as control per week until
theﬂoral primordia appeared. All the apical budswerewrappedwith ab-
sorbent cotton. ABA solution or water was dropped into the absorbent
cotton and sprayed onto the leaves until they were completely wet.
Buds were unwrapped when the ﬂoral primordia appeared. All the
trees were exposed to lower temperature by cold waves in mid-
November in 2006 to mid-February in 2007. Panicles were packed in
nylon net before ﬂowering so that abscised ﬂowers could be collected.
A percentage of ﬂowering terminal shoots (ratio of the ﬂowering shoots
to total terminal shoots in one tree) was counted and the number of
ﬂowers per panicle was calculated after anthesis.
To further conﬁrm the role of ABA in litchi ﬂowering, the ABA
biosynthesis inhibitor naproxen was used. Four-year-old ‘Feizixiao’
litchi trees grafted onto ‘Huaizhi’ were grown in 30 L pots as described
above. 12 potted trees of about 1 m height and with about 15 terminal
shoots per tree were selected for the experiment. After the terminal
shoots had matured, trees were transferred to a growth chamber at
15 °C/8 °C (day/night temperature, 12 h day and 12 h night, day tem-
perature ﬂuctuation ± 2 °C attributed to the sunlight). Six potted
trees were treated with 2 mM naproxen, and another 6 trees were
treated with water as control every eight days. All the apical buds
were wrapped with absorbent cotton. Naproxen solution or water
was dropped into the absorbent cotton and sprayed onto the leaves
until they were completely wet. Buds were unwrapped when the ﬂoral
primordia appeared. A percentage of ﬂowering terminal shoots was
counted and the number of ﬂowers per panicle was calculated after an-
thesis. Panicle primordia were sampled and frozen in liquid nitrogen
and stored at−80 °C for northern blot.
To study the effect of ABA on the expression of LcAP1, terminal
shoots about 6 cm long with ﬂoral buds at the “millet stage” were
excised from the six-year-old litchi trees (cv. ‘Nuomici’) and immedi-
ately placed in different solutions containing 0, 10, 30, and 30 mg L−1
ABA. In another treatment, the detached shoots were immediately
placed in solutions containing the following chemicals: water,
30 mg L−1 ABA, 30 mg L−1 ABA in the presence of 800 μMNO speciﬁc
scavenger 2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl3-oxide
(PTIO, Sigma), or 1 mM H2O2 trapper dimethylthiourea (DMTU,
Sigma), or 1 mM calcium chelator ethylene glycol-bis (β-amino ethyl
ether)-N,N,N′,N′-tetraacetic acid (EGTA), or 1 mM calcium channel
blocker LaCl3. All the treated shoot cuttings were placed in a growth
chamber at 160 μmol m−2 s−1 photosynthetic photon ﬂux density at
20 °C. Ten hours later, panicle primordia were sampled, frozen in liquid
nitrogen and stored at−80 °C.
2.2. Analysis of LcAP1 expression
Total RNA was extracted from frozen buds using a SDS protocol
described by Zhou et al. (1999). A segment of LcAP1 cDNA with 3′end was isolated using methods of reverse transcription-polymerase
chain reaction (RT-PCR) and rapid ampliﬁcation of cDNA end PCR
(RACE). Transcript levels of LcAP1 were analyzed by northern hy-
bridization and semi-quantitative PCR. Northern blot analysis was
according to the method of Wang et al. (2006). Primers for the
probe preparation were 5′-AGCAGCTTGACGCTTCACTT-3′ (F) and
5′-AAAAGCATCAACAAACTGGG-3′ (R).
2.3. Statistical analysis
All data were subjected to analysis of variances using a SPSS pro-
gram (SPSS Inc., Chicago, IL, USA). Differences between treatments
and controls were evaluated by Student's t-test.
3. Results
3.1. Exogenous application of ABA promotes ﬂowering and
LcAP1 expression
Abscisic acid reduced the numbers of leaves per panicle, enhanced
the number of axillary panicles per panicle and the ratios of axillary
panicles to total nodes per panicle, though the increaseswere not statis-
tically signiﬁcant (Table 1). In fact, the panicles in the ABA-treated trees
had longer axillary panicles than those of the control, indicating that the
ABA-treated panicles might have more ﬂowers. To further conﬁrm the
effects of ABA on ﬂowering, potted litchi trees treated with ABA were
exposed to low temperature condition inwinter in the next year and in-
duced to ﬂower. As shown in Table 2, control trees and ABA-treated
trees had a similar percentage of ﬂowering terminal shoots. However,
the number of ﬂowers per panicle in the ABA-treated trees was 45.9%
higher than that of the control, suggesting that ABA increased the num-
ber of ﬂowers and promoted ﬂowering. Furthermore, determination of
the LcAP1 transcription level indicated that ABA in the concentrations of
30 and 60 mg L−1 enhanced its expression (Fig. 1).
3.2. ABA biosynthesis inhibitor inhibits ﬂowering and LcAP1 expression
To further conﬁrm the role of ABA in litchi ﬂowering, potted
‘Feizixiao’ litchi trees were treated with water as control or the ABA
biosynthesis inhibitor naproxen under 15 °C/8 °C condition. As a previ-
ous study had indicated that litchi trees grown under conditions of
15 °C/8 °C for about 60–70 days are sufﬁciently induced to ﬂower, we
used this temperature to produce a high percentage of ﬂowering termi-
nal shoots. In fact in the present experiment, control trees had a higher
percentage of ﬂowering terminal shoots and more ﬂowers in one pani-
cle than those of the naproxen treated trees (Table 3). Moreover, the
transcription of LcAP1 in the naproxen-treated trees was inhibited to
some extent (Fig. 2).
3.3. ABA promotion of LcAP1 expression is H2O2 and calcium dependent
but not NO dependent
In the previous experiment, ABA in the concentrations of 30 and
60 mg L−1 enhanced AP1 expression (Fig. 1). We used the concentra-
tion of 30 mg L−1 for further experiment. To conﬁrm whether the
Table 2
Effects of ABA on ﬂowering of ‘Feizixiao’ litchi. After the terminal shoots had matured,
trees were treated with 100 mg L−1 ABA or water as control per week until the ﬂoral
primordia appeared. All the trees were induced to ﬂowering in the winter of 2006 to
2007 under natural condition. Values are means ± SE from 7 replicate trees. Each
value in one replicate is calculated from 3 panicles. Statistically signiﬁcant differences
(P b 0.05) according to Student's t-test between the treatment and the control are in-
dicated by asterisks.




Control 95.2 ± 3.3 342.8 ± 29.3
ABA 97.6 ± 2.4 499.3 ± 82.6*
Table 3
Effects of naproxen on ﬂowering of ‘Feizixiao’ litchi. Trees were treated with 2 mM
naproxen or water as control every 8 days. Values are means ± SE from 6 replicate
trees. Each value in one replicate is calculated from 3 to 5 panicles. Statistically signif-
icant differences (P b 0.05) according to Student's t-test between the treatment and
the control are indicated by asterisks.




Control 96.7 ± 3.3 1301.0 ± 127.5
Naproxen 48.0 ± 10.4* 764.0 ± 102.5*
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fect of ABA was compared with that of ABA plus NO scavenger PTIO,
or the H2O2 trapper DMTU, the calcium chelator EGTA and calcium
channel blocker LaCl3. In agreement with the results described
above, ABA also enhanced AP1 expression, but these inductive effects
were suppressed by the H2O2 trapper DMTU, the calcium chelator
EGTA, and calcium channel blocker LaCl3 (Fig. 3). However, the
enhanced AP1 expression was not suppressed by the NO scavenger
PTIO. The result suggested that ABA promotion of LcAP1 expression
may be H2O2 and calcium dependent but not NO dependent.4. Discussions
Floral development is controlled by environmental conditions and
developmental regulation. Many evergreen woody trees require envi-
ronmental stresses such as chilling, drought and oxidative stresses to
induce ﬂowering (Ali and Lovatt, 1995; Manochai et al., 2005; Menzel
and Simpson, 1988; Nunez-Elisea andDavenport, 1994). Floral differen-
tiation in litchi is induced by low temperatures and enhanced by au-
tumn and winter drought (Menzel and Simpson, 1988; Chen and
Huang, 2005). ABA plays an important role in response to abiotic stress
(Bravo et al., 1998; Davies and Zhang, 1991). Stress induces ABA accu-
mulation in litchi and other plant species (Zhou et al., 2002; Pagter et
al., 2008). We hypothesized that there might exist relationships be-
tween stress, ABA and ﬂowering in the evergreen woody tree litchi. Ac-
tually our results indicated that exogenous application of ABA increased
the number of axillary panicles and ﬂowers in one panicle, whereas the
ABA biosynthesis inhibitor decreased the percentage of ﬂowering
terminal shoots and number of ﬂowers in one panicle under the
chilling-induced ﬂowering treatment, suggesting that ABA promotes
ﬂowering to some extent, though the ABA biosynthesis inhibitor
naproxen could not completely repress ﬂowering.
Floral development is created by an intricate network of signaling
pathways. FT protein as amobile signal has been proven to be a ﬂorigen
which migrates from leaves to the apical meristem to promote ﬂoral
initiation in several plant species (Corbesier et al., 2007; Yang et al.,
2007), activating the downstream ﬂowering-related genes (Li et al.,Fig. 1. Effects of ABA on transcript level of LcAP1 after10 h of treatment. Terminal
shoots with ﬂoral buds at the “millet stage” were excised from ‘Nuomici’ litchi trees
and immediately placed in different solutions containing 0, 10, 30, and 60 mg L−1
ABA. All the treated shoot cuttings were placed in a growth chamber at 20 °C.2010), such as LEAFY (LFY), APETALA1 (AP1), APETALA3 (AP3), and AG
(Mouradov et al., 2002; Wagner et al., 1999; Zhou et al., 2010). AP1
plays a central role in the transition from ﬂoral induction to ﬂower for-
mation by acting as a switch between these two developmental pro-
grams and constituting a hub in the corresponding network of
regulatory genes (Kaufmann et al., 2010; Wellmer and Riechmann,
2010). Constitutive expressing Arabidopsis AP1 promoted ﬂowering in
citrus (Pena et al., 2001). ABA enhanced LcAP1 expression while the
ABA biosynthesis inhibitor suppressed its expression (Figs. 1, 2),
suggesting that one pathway in ABA-promoted ﬂowering is by increas-
ing the LcAP1 transcription level.
H2O2 and NO are signal molecules involved in responses to
pathogen-induced hyposensitivity, abiotic stress, programmed cell
death, ABA-induced stomatal closure and antioxidant defense
(Delledonne et al., 1998; Durner et al., 1998; Lamattina et al., 2003;
Neill et al., 2002a, 2002b; Jiang and Zhang, 2002, 2003; Zhou et al.,
2005). Moreover, Ca2+ was demonstrated to be a signal involved in
the ABA-induced activities of antioxidant enzymes and stomatal clo-
sure (Mcainsh et al., 1992; Jiang and Zhang, 2003). It is a signaling
component positioned downstream of H2O2 and NO (Desikan et al.,
2004). Our previous study indicated that hydrogen peroxide (H2O2)
and nitric oxide (NO) promote ﬂowering in litchi (Zhou et al.,
2012). To test whether Ca2+, H2O2 and NO are involved in the
ABA-induced LcAP1 expression, we determined LcAP1 expression
levels in the panicle primordia treated with ABA in combination
with the H2O2 trapper DMTU and the NO scavenger PTIO. The results
showed that ABA promoted LcAP1 expression was H2O2 and calcium
dependent. To our surprise, the ABA-induced promotion in LcAP1 ex-
pression was not NO dependent. It seems that the mechanism for
ABA-induced LcAP1 expression is somewhat different from that of
ABA-induced stomatal closure and antioxidant defense. Further
study on the role of ABA in ﬂowering related gene expression is need-
ed and additional genes are currently being cloned to investigate this
aspect further.
In summary, exogenous application of ABA promoted ﬂowering
and LcAP1 expression. Use of the ABA biosynthesis inhibitor inhibited
ﬂowering and LcAP1 expression. ABA promoted LcAP1 expression was
H2O2 and calcium dependent but was not NO dependent.Fig. 2. Effects of ABA and the ABA biosynthesis inhibitor naproxen on transcript level of
LcAP1. ‘Feizixiao’ potted trees were transferred to a growth chamber at 15 °C/8 °C
(day/night temperature, 12 h day and 12 h night) and were treated with 2 mM
naproxen and water as control in every eight days. Panicle primordia were sampled
for determination of LcAP1 transcript level when they appeared.
Fig. 3. Effects of the NO scavenger, H2O2 trapper and calcium inhibitors on the
ABA-promoted LcAP1 transcription. Terminal shoots with ﬂoral buds at the “millet
stage” were excised from ‘Nuomici’ litchi trees and immediately placed in different so-
lutions containing water, ABA, ABA in the presence of NO speciﬁc scavenger PTIO, or
H2O2 trapper DMTU, or calcium chelator EGTA, or calcium channel blocker LaCl3. All
the treated shoot cuttings were placed in a growth chamber at 20 °C. Ten hours
later, panicle primordia were sampled for determination of LcAP1 transcript level.
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